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The pathogenesis of bipolar disorder (BD) has remained enigmatic,
largely because genetic animal models based on identified suscep-
tible genes have often failed to show core symptoms of spontane-
ous mood cycling. However, pedigree and induced pluripotent stem
cell (iPSC)-based analyses have implicated that dysfunction in some
key signaling cascades might be crucial for the disease pathogenesis
in a subpopulation of BD patients. We hypothesized that the
behavioral abnormalities of patients and the comorbid metabolic
abnormalities might share some identical molecular mechanism.
Hence, we investigated the expression of insulin/synapse dually
functioning genes in neurons derived from the iPSCs of BD patients
and the behavioral phenotype of mice with these genes silenced in
the hippocampus. By these means, we identified synaptotagmin-7
(Syt7) as a candidate risk factor for behavioral abnormalities. We
then investigated Syt7 knockout (KO) mice and observed nocturnal
manic-like and diurnal depressive-like behavioral fluctuations in a
majority of these animals, analogous to the mood cycling symptoms
of BD. We treated the Syt7 KO mice with clinical BD drugs including
olanzapine and lithium, and found that the drug treatments could
efficiently regulate the behavioral abnormalities of the Syt7 KO mice.
To further verify whether Syt7 deficits existed in BD patients, we
investigated the plasma samples of 20 BD patients and found that the
Syt7 mRNA level was significantly attenuated in the patient plasma
compared to the healthy controls. We therefore concluded that Syt7
is likely a key factor for the bipolar-like behavioral abnormalities.
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Clinical research has identified a number of susceptible genes
that might be involved in the inheritance and pathogenesis of

bipolar disorder (BD) (1). For instance, mice expressing a mu-
tant form CLOCK gene, which was identified in a subpopulation
of BD patients, showed behavioral abnormalities that are similar
to human mania (2). However, these genes account for only a very
small proportion of clinical cases, and genetic animal models
based on them have not been able to show spontaneous cycling of
manic and depressive moods, which is the core symptom of BD (3,
4). These reports support the hypothesis that BD requires accu-
mulative consequences of deficits in multiple genes that may be
distributed diversely across the genome (5, 6). Interestingly, ped-
igree analyses have suggested a strong heritability of BD, in-
dicating that the molecular and cellular deficits key for the mood
abnormalities within the family can be stably inherited. In addition
to bidirectional mood abnormalities, another important feature of
BD is that ∼40% of BD patients suffer from insulin/glucose
metabolic comorbidities (7–9). Although a hypothesis of insulin

deficits has been proposed to explain the occurrence of depressive
disorder in diabetes patients (10), the exact mechanisms linking
the neural and metabolic deficits in BD patients have remained
poorly understood. However, given the generally homologous
behavioral and metabolic symptoms shown by BD patients, it is
possible that a subpopulation of patients might share the patho-
genic molecular and cellular deficits, despite their diverse genetic
deficiencies.
In recent years, accumulating evidence has suggested that

synaptic proteins are involved in mental disorders including
BD, as revealed through genetic variants, gene expression
changes, or target therapy efficacy (11–14). For instance, ket-
amine, an NMDAR antagonist that has been clinically approved
for the treatment of depressive disorders, has been suggested to
have antidepressant effects probably through the shutdown of the
GluN2B subunit (15–18). Synaptotagmin-7 (Syt7) appears to play
important roles in both the synaptic transmission in the brain and
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insulin metabolism in the pancreas. Syt7 drives the exocytosis of
secretory vesicles through its two tandem Ca2+-binding domains
interacting with Ca2+, SNAREs and phospholipids. In the brain,
Syt7 deficiency causes an attenuation of AP-triggered asynchronous
synaptic vesicle (SV) release, SV endocytosis and replenishment,
and synaptic facilitation in the presynaptic nerve terminals, as well
as AMPAR trafficking in the postsynaptic density (19–24). In
pancreatic β-cells, Syt7 plays an essential role in promoting insulin
secretion (25), and the glucagon-like peptide-1 (GLP-1) pathway,
one therapeutic target of T2D drugs, can up-regulate the phos-
phorylation of Syt7 to facilitate insulin secretion (26).
In the present study, we hypothesized that, in patients suf-

fering a psychiatric disorder like BD, the neuropsychiatric ab-
normalities in the brain and the insulin metabolic defects in the
periphery might be attributable to identical molecular mecha-
nisms. By investigating the expression of genes that have been
reported to be involved in both insulin metabolism and neuro-
transmission in the BD patient iPSC-derived dentate gyrus (DG)-
like neurons and their effects on the psychiatric behaviors of mice,
we identified Syt7 as a candidate risk factor for the linkage of
central and peripheral abnormalities. We then systematically in-
vestigated the behavioral defects of the Syt7 KO mice and found
that the Syt7 KO mice showed manic-like behavioral abnormali-
ties in the dark phase and depressive-like behavioral abnormalities
in the light phase. Furthermore, the behavioral abnormalities
shown by the Syt7 KO mice could be efficiently treated by mood
stabilizing drugs, namely olanzapine and lithium. Finally, to in-
vestigate whether the insufficient Syt7 expression detected in the
iPSC-derived neurons existed in BD patients, we tested the plasma
samples of 20 BD patients and found that the Syt7 mRNA level
was attenuated in the patient plasma compared to the healthy
controls. Therefore, our results indicated that Syt7 probably plays
a key role in bipolar-like behavioral abnormalities.

Results
Identification of Syt7 as a Candidate Risk Factor for Neuropsychiatric-
like Behaviors. To efficiently identify the molecules that contrib-
ute significantly to the mood abnormalities in BD patients, we
chose to investigate the expression and function of those genes
involved in the comorbidities of BD in the patient iPSC-derived
neurons. Approximately 40% of BD patients suffer from insulin/
glucose metabolic syndrome (7–9). We hypothesized that deficits
in the key molecular pathway in the brain can induce behavioral
symptoms, whereas they can generate insulin metabolic symptoms
if they occur in the islets, which might be one reason why the two
diseases can be comorbid (Fig. 1A). We thus searched the GeneCards
database using the keywords insulin (or diabetes) and synapse
and found 97 genes that might be involved in both insulin
metabolism and synaptic function. Through verification with lit-
erature searching using the National Center for Biotechnology
Information database (https://www.ncbi.nlm.nih.gov/pubmed/), we
determined that 18 of the 97 genes were likely associated with dual
functions. Previously, we had established the iPSC and hippo-
campal DG-like neuron models for six BD-I patients (27). In the
neurons derived from the patient iPSCs, 11 of the 18 genes showed
a ≥1.5-fold change in the mRNA expression, as evidenced by
RNA-sequencing (seq) and qRT-PCR analyses (Fig. 1 B and C). We
then knocked down the 11 genes in the DG of mice by introducing
the small hairpin RNA (shRNA)-encoding lentivirus and analyzed
the immobility time of the mice during a forced swim test (FST),
which has been widely used to study the responses of animals to
acute stress. The results indicated that, compared to the WT group,
the Syt7 knockdown (KD) mice showed a significantly reduced im-
mobility time, whereas the animals with other KD genes failed to
show any obvious changes (Fig. 1D). We further carried out an open
field test (OFT) to investigate the locomotor activity of the mice with
candidate gene KD.We observed that among the 11 test groups, only
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Fig. 1. Identification of Syt7 as a candidate risk factor for behavioral abnormalities. (A) Diagram showing the selection of candidate genes using comparative
analysis between genes involved in insulin metabolism and neuronal function. (B and C) RNA-seq (B) and qRT-PCR (C) analyses of 18 candidate genes in the
DG-like neurons studied by Mertens et al. (27). Healthy control (HC), n = 4 subjects; type-I bipolar disorder (BD-I), n = 6. (D) Bar graph showing the immobility
time of mice with candidate gene KD in the FST. n = 10. Student’s t test. *P < 0.05, ns, not significant; error bars, SEM.
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the Syt7 KD mice showed a significantly increased moving distance
compared to the WT control animals; moreover, the Syt7 KD mice
showed an obviously shorter duration in the central area of the field
(SI Appendix, Fig. S1A and B). Therefore, we considered Syt7 to be a
candidate risk factor for behavioral abnormalities.

Syt7 Deficiency Induces Behavioral Fluctuations in Mice. To system-
atically investigate the role of Syt7 in neuropsychiatric-like behav-
iors, we first verified the Syt7 defects in different subpopulations of
BD patients. We separately investigated the iPSC-derived neurons
of lithium-responsive (LR) and nonresponsive (NR) patients
recruited in two different studies (27, 28). In the two cohorts, the
LR and NR neurons both showed an attenuated expression of Syt7
compared to the healthy controls, as evidenced by the results of
qRT-PCR and immunoblot analyses (Fig. 2 A–C).
We then examined the FST performance of Syt7 KO mice (29),

which showed energy metabolic abnormalities (SI Appendix, Fig.

S2). We found that, compared to their WT siblings, nearly 30% of
the Syt7 KO mice showed a shorter immobility time in both the
dark (Zeitgeber time [ZT] 12–24) and the light (ZT 0–12) phases.
Interestingly, more than 60% of the KO animals showed a be-
havioral fluctuation phenotype with a shorter immobility time in
the dark phase and a longer time in the light phase (Fig. 2D). Our
following behavioral experiments in Syt7 KO mice focused on
those showing the day-night swing phenotype. We analyzed the
duration of immobility during the tail suspension (TS) test and
found that, compared to the WT animals, the Syt7 KO mice
showed a significantly shorter immobility time in the dark phase
and a longer one in the light phase (Fig. 2E). To overcome the
concern that the FST/TS approaches might not represent a full
spectrum of human diseases, we carried out learned helplessness
(LH) and sucrose preference tests (SPT), which indicate the ex-
tent of stress and anhedonia, respectively. Compared to the WT
mice, in the dark phase, the Syt7 KO mice showed fewer escape
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Fig. 2. Insufficient Syt7 expression in patient iPSC-derived neurons and Syt7 deficiency-induced behavioral deficits in mice. (A and B) qRT-PCR (A) and im-
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failures in the LH test and less anhedonia in the SPT, whereas in
the light phase, the Syt7 KO animals always showed the reverse
performance on these tests (Fig. 2 F andG). Next, we performed a
light/dark box (LDB) test to investigate the anxiety-like behaviors
of the Syt7 KO mice. The results indicated that, compared to the
WT mice, the Syt7 KO animals showed reduced anxiety in the
dark phase but increased anxiety in the light phase (Fig. 2H),
which is consistent with previous observations in animal models of
mood disorders (30). To investigate whether these behavioral
abnormalities appeared in an occasional manner, we monitored
the locomotor activity of the animals over a 24-h period using the
OFT (SI Appendix, Fig. S1 C and D). The results indicated that
compared to the WT control group, the locomotor activity of the
Syt7 KO mice was increased in the dark phase and decreased in
the light phase; moreover, the deviation persisted throughout the
dark and light periods, indicating a persistence of the behavioral
fluctuation abnormalities. Consistent with the behavioral pheno-
type, the energy metabolic abnormalities of the Syt7 KO mice also
showed a bipolar-like fluctuation pattern (SI Appendix, Fig. S2 C
and D). As all these investigations revealed a day-light fluctuation
pattern, we tested the circadian rhythm of the Syt7 KO mice, and
found that a majority of the animals could exhibit a disorganized
circadian rhythm (SI Appendix, Fig. S1E). In addition, we in-
vestigated the psychosis-like behaviors in the Syt7 KO mice using
the prepulse inhibition (PPI) paradigm. Compared to the WT
mice, the Syt7 KO mice showed a similar acoustic startle response
but a significantly reduced PPI ratio regardless of the light con-
dition (Fig. 2I).
Together, our results indicated that the Syt7 deficits in iPSC-

derived neurons appeared in both the LR and NR patients
recruited in two studies; moreover, the Syt7 KO mice showed
behavioral abnormalities, a majority of which featured bipolar-like
behavioral fluctuations during the dark/light cycle.

Treatment of Syt7 KO Mice with Mood Stabilizing Drugs. To further
verify the aberrant behaviors in the Syt7 KO mice, we tested the
efficacy of two drugs commonly used in BD, namely olanzapine
and lithium, on the behavioral abnormalities of the Syt7 KO mice.
We first treated the Syt7 KO mice with a dose gradient of

olanzapine, including 0.2, 0.5, and 1.0 mg/kg. The results of the
FST in the Syt7 KO mice revealed that, compared to the non-
treated Syt7 KO mice, the middle-dose olanzapine treatment was
sufficient to reverse the shortening of the immobility time in the
dark phase; moreover, the high-dose treatment elongated the
immobility time in the light phase (Fig. 3 A and B). We noted that
the low-dose olanzapine treatment reduced the immobility of the
Syt7 KO mice in the light phase (Fig. 3B), which was distinct from
the outcome of higher doses. Although the reason is unknown, it
might be consistent with clinical reports that olanzapine could
have antidepressant effects during the treatment of bipolar
depression (31). We then tested the efficacy of the high-dose
olanzapine treatment (1.0 mg/kg) on the behavioral abnormalities
of the Syt7 KO mice using the LH/SPT/LDB paradigms. The re-
sults indicated that in both the dark and light phases, the high-dose
olanzapine treatment significantly increased the LH escape failure
rate, decreased the sucrose preference ratio, and reduced the LDB
time-in-light of the Syt7 KO mice compared to the nontreated KO
animals (Fig. 3 C–E). In addition, the WT mice treated with
olanzapine showed similar outcomes as the Syt7 KO mice.
We next tested the effects of lithium, a drug that has been

widely used for clinical treatment of BD, on the behavioral ab-
normalities of the Syt7 KO mice. In both the WT and the Syt7 KO
mice, lithium carbonate (Li2CO3, 30 mg/kg) treatment did not
induce any significant changes in the FST immobility time in the
dark or light phase (Fig. 3F). However, in the LH and SPT ex-
periments, the lithium-treated WT and Syt7 KO mice showed an
increased escape failure rate and a decreased sucrose preference
ratio in the dark and light phases compared to the nontreated

controls (Fig. 3 G and H). Furthermore, in the LDB test, the
lithium treatment did not affect the WTmice, whereas it obviously
reduced the time in light in the Syt7 KOmice in the dark and light
phases compared to the nontreated Syt7 KO animals (Fig. 3I).
Together, our results indicated that the clinical drug treat-

ments had significant effects on the behavioral abnormalities of
the Syt7 KO mice.

Evaluation of Syt7 Expression in Patient Plasma Samples. Finally, to
investigate whether the Syt7 defects shown by the iPSC-derived
neurons existed in BD patients, we analyzed the mRNA level of
Syt7 in the plasma samples of BD patients. We collected blood
samples of 20 BD patients and 11 age- and gender-matched
healthy controls and separated the plasma from the blood cells
(Fig. 4A and SI Appendix, Table S1). We then carried out qRT-
PCR analysis to evaluate the Syt7 mRNA level in the plasma
samples. The results showed that, compared to the healthy
control group, the BD patient group showed a significant re-
duction in Syt7 mRNA level (Fig. 4B), indicating that the Syt7
defects detected in the iPSC-derived neurons indeed existed in a
subpopulation of BD patients.
We then categorized the patients into subgroups based on age,

gender, disease course, and severity. In general, most subgroups of
patients showed a trend of decline in the plasma Syt7 mRNA level
compared to their matched healthy controls (SI Appendix, Fig. S3).
We note that the patients >30 y old did not show a substantial
attenuation in the plasma Syt7 mRNA level compared to the
controls (SI Appendix, Fig. S3F). Although the sample size was
relatively low, this result indicated that the Syt7 defects could be
more prominent in the subpopulation of young adult patients. We
further analyzed the patients grouped according to disease sub-
type, family BD history, drugs treatment, and presence of psy-
chosis. We found that, compared to the healthy controls, both
BD-I and BD-II subgroups showed a significant reduction in the
plasma Syt7 mRNA level (Fig. 4C). Furthermore, compared to the
healthy subjects, the patients without psychosis or family BD his-
tory showed significant reductions in Syt7 mRNA level, and those
with psychotic symptoms or family BD history also showed a de-
cline trend in Syt7 mRNA (Fig. 4 D and E). Importantly, the
subgroup of untreated patients, although the sample size was
small, showed a remarkable decrease in Syt7 mRNA level,
whereas the drug-treated subgroup showed a slightly restored Syt7
mRNA expression, although it was still obviously lower than that
of the healthy control group (Fig. 4F).
In addition, we have also investigated the Syt7 mRNA level in

the blood cells of the healthy control subjects and BD patients.
The results indicated that consistent with the plasma tests, the
blood cells of the BD patients showed a significantly reduced
Syt7 mRNA level compared to the healthy control group (SI
Appendix, Fig. S3G).

Discussion
Despite current progress in the identification of genetic variants
in BD patients, we have not yet delineated the pathogenesis of
the disease, probably due to its complex multigenic origin. To
overcome the shortcoming of genetic rodent models with only
one or two genes modified and the time-consuming cross-mating
of multiple transgenic strains, patient iPSC models have been
employed, as a cell platform closer to the disease, to explore the
molecular and cellular deficits fundamental to the pathogenesis of
BD. Previously, we demonstrated that the hippocampal DG-like
neurons derived from the iPSCs of six BD-I patients showed very
similar gene expression profiles (27), which indicated that, re-
gardless of the various genetic deficiencies the six patients might
carry, these subjects probably shared common molecular and cel-
lular deficits that are crucial for the induction of the homologous
mood abnormalities. Given the strong disease inheritance within
the pedigree, it is possible that, among the involved molecules and
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pathways, some might play an essential role in the etiology of BD,
whereas others are auxiliary or secondary, and thus the disease can
occur in a majority of the offspring as the deficits in such a key
molecular mechanism can be stably inherited. Although changes in
the molecules may cause alterations at the molecular, cellular, and
neural circuit levels that are essential for the pathogenesis of the
disease, they are not required to have variants in the patients.
To efficiently identify the molecules that contribute to the be-

havioral abnormalities in patients, we carried out a preliminary
test on the expression and function of those genes involved in the
comorbidities of BD in the patient iPSC-derived neurons. One
major comorbidity of BD is the insulin/glucose metabolic syn-
drome, which affects more than 40% of BD patients (7–9). We
hypothesized that the deficits of the key molecular pathway in the
brain induce behavioral symptoms, whereas they can generate
insulin metabolic symptoms if they occur in the islets, which might
be one reason why the two diseases are comorbid. Compared to
BD, the research on insulin-related metabolic abnormalities has
made much greater progress in the past decades, providing us with

an abundant resource of candidate molecules for investigation in
patient iPSC-derived neurons (Fig. 1A).
In the present study, we searched public databases and de-

termined <20 candidate genes that were likely to be associated
with both the insulin metabolic and the neuronal signaling pro-
cesses. Our experiments demonstrated that, among these genes,
Syt7 appeared to play a key role in the generation of manic-like
and depressive-like behavioral abnormalities in mice. At present,
there is no report of genome-wide association study that the
single nucleotide polymorphisms (SNPs) of Syt7 have been
identified in BD patients. However, in the plasma samples of BD
patients, the mRNA level of Syt7 also showed an obvious trend
of decline compared to healthy controls. We noted that not all
patients showed reduced plasma Syt7 expression compared to
the average level of healthy control subjects. Although the Syt7
mRNA level in the patient blood might not accurately reflect the
expression of Syt7 in the brain, it is possible that the key mole-
cule or pathway differs in different subpopulations of patients,
which, however, might still cause identical functional conse-
quences to induce analogous behavioral abnormalities.
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One important question is how the multiple or diverse genetic
variants in a subpopulation of patients can functionally converge
on a single molecular mechanism like the Syt7-involved pathway
to induce similar downstream pathogenic consequences. One
possible mechanism is that the susceptible gene itself is involved in
some element within the mechanistic pathway. For instance, the
variants of two susceptible genes, DBP and CLOCK, might disturb
the circadian rhythm (32, 33). In an alternative explanation, cis-
regulatory chromatin contact might play a role in the contribution
of genetic variants to the pathogenesis of BD. At present, little
evidence is available to directly show a linkage between the SNPs
and those genes involved in the key molecular pathway in BD
patients. This is not only due to the lack of knowledge about the
molecular mechanisms underlying the mood abnormalities but is
also attributable to our poor understanding of the interactions
between genetic variants and their cognate genes over long ge-
nomic distances. Recently, it has been suggested that the SNPs of
the obesity-related gene FTO target the IRX3 and IRX5 genes over
long distances but not the FTO itself (34, 35). This finding implies
that the genetic variants in BD patients might also act through
regulating the expression of other genes far from the loci of the
variants, rather than altering the nearest gene. Hence, one possible
reason why many genetic rodent models have failed to show the
symptoms of BD could be the differences in chromatin structure
between humans and rodents. In this case, the iPSC model of BD
patients would be an appropriate platform to study the contribution
of long-distance DNA–DNA interactions to the pathogenesis of
BD. We consider that this possibility might also be the case for
other mental disorders such as schizophrenia and autism.
Another important consideration is the role of circadian

rhythm in BD. Previously, circadian genes such as CLOCK and
DBP were identified as susceptible genes for BD (36–38). In
recent years, a large amount of clinical evidence has suggested
that circadian rhythm dysfunction is a trait marker of BD and
probably governs the onset and relapse of BD episodes; more-
over, the duration of the BD episodes is likely determined by the

combined effects of endogenous dysfunction and external per-
turbations of the circadian rhythm (39–41). In the present study,
although some Syt7 KO mice showed persistent manic-like or
depressive-like behavioral abnormalities, a majority of the KO
mice showed a diurnal pattern of behavioral fluctuations, probably
because only endogenous circadian-based dysfunctions acted in
these animals. In the future, it would be interesting to investigate
whether the episodes of these mice can be extended through ap-
plying some external circadian perturbation approaches.
In summary, we demonstrated that Syt7 showed an attenuated

expression in patient iPSC-derived neurons and plasma samples
and that Syt7 deficiency induced circadian-based fluctuation of
neuropsychiatric-like behaviors in mice. We therefore conclude
that Syt7 is likely a key factor for behavioral fluctuations in mice,
and deficits in Syt7 might make a crucial contribution to the be-
havioral abnormalities in a subpopulation of BD patients through
coactions with other biological and environmental factors.

Materials and Methods
Clinical Patient Information and Blood Samples. The clinical information of the
patients used for the iPSC experiments has been described previously (27, 28).
Of the six patients investigated by Stern et al. (28), one suffered type 2 di-
abetes and the other five did not show symptoms of diabetes or metabolic
syndrome. As for the six patients investigated by Mertens et al. (27), the
metabolic information of the patients is unknown.

All human donor blood samples described here were obtained from
subjects who had given informed consent, and all procedures were approved
by the ethical committee of the Affiliated Brain Hospital of Guangzhou
Medical University (Guangzhou Huiai Hospital), China. Patients were selected
based on diagnosed as BD, which was determined/diagnosed by trained
postgraduates or psychiatrists by using the Diagnostic and Statistical Manual
of Mental Disorders, Fifth Edition (DSM-5). All individuals were of Han Chi-
nese ethnicity. Self-reported information on gender and prior history of
diseases is given in SI Appendix, Table S1. Of the 20 patients, 10 had shown
symptoms of metabolic syndrome.

Blood was collected from healthy and BD donors on an empty stomach in
ethylenediaminetetraacetic acid (EDTA) tubes (BD Biosciences 366643). The
blood was initially centrifuged at 3,000 × g for 10 min to separate the
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plasma and blood cells. The supernatant was carefully removed and centri-
fuged again at 2,500 × g for 15 min to separate plasma and platelets. For
serum or plasma, total RNA was extracted from 100 μL of the sample using
the miRNeasy kit (Qiagen). The extracted RNA was assessed for quality and
quantity with NanoDrop 1000 spectrophotometer (Thermo Scientific). The
cDNA was then generated using AccuRT Genomic DNA Removal Kit (Abm,
Canada). qPCR was performed using SYBR Green.

Lentivirus Preparation and Infection. The shRNAs were provided by The RNAi
Consortium library. Lentiviral particles were generated and collected as pre-
viously described (42). Briefly, to generate lentiviral particles, HEK 293FT cells
cultured with Dulbecco’s modified Eagle medium (DMEM) in 10% fetal bovine
serum (FBS) and 2 mM glutamax (Life Technologies) were cotransfected with
virus packaging vectors using PEI (Polysciences). After 3 d, the supernatant of
culture medium was harvested and filtered with a 0.22-μm polyvinylidene
fluoride (PVDF) filter (Millipore). Virus particles were collected by ultracentri-
fugation at 25,000 rpm in a P28S rotor (Hitachi) in a final volume of 100 μL.
The titer of the lentivirus used for in vivo stereotactic injection experiments
was concentrated to at least 1.0 × 1010 infectious units (IU) per milliliter.

Differentiation of iPSCs into DG-like Neurons. The forebrain neural progenitor
cells (NPCs) derived from BD patients and healthy subjects were characterized
as previously described (27, 28). Information about the approving commit-
tee, informed consent, and clinical trial registration number of the iPSC
studies are described in the original articles (27, 28). To obtain hippocampal
DG-like neurons, NPCs were differentiated in DMEM/F12 supplemented with
N2 (Life Technologies), B27 (Life Technologies), 20 ng/mL brain-derived
neurotrophic factor (BDNF) (Peprotech), 1 mM dibutyrl-cyclicAMP (Sigma),
200 nM ascorbic acid (Sigma), 1 μg/mL Laminin, and 620 ng/mL Wnt3a (R&D)
for 3 to 4 wk. Wnt3a was removed after 3 wk. All cells used in the present
study were verified as mycoplasma contamination free.

Behavioral Assays. Syt7 KO mice were kindly provided by E. R. Chapman
(University of Wisconsin, Madison, WI) with permission from N. W. Andrews
(University of Maryland, College Park, MD). All of the animal experiments
were conducted using 3- to 6-mo-old male mice under the guidance and
approval of the Institutional Animal Care & Use Committee of Tsinghua
University and the Animal Welfare and Ethics Committee of Tsinghua Uni-
versity (Approval ID: 15-YJ2). WT siblings of similar age were used as a
control for the Syt7 KO mice. Different groups of mice were used for dark-
phase and light-phase testing. Activity was recorded by a suspended digital
camera and analyzed by EthoVision XT 11.5 (Noldus) after 30 min habitua-
tion in the test room (600 lx) in light/dark box test. The same parameter
setting for the definition of each behavior was applied for all of the mice
tested in different behavior tests. For the drug treatment experiment, unless
specified, the drug solutions or vehicle control were injected or infused 30
min before the behavioral tests at the indicated dose. Animals that acci-
dentally died during the study were included in analysis for all completed
tests. The data were analyzed by EthoVision XT 11.5 software (Noldus).
Locomotor activity. The 24-h locomotor activity was measured using the 16-
chamber TSE phenoMaster/LabMaster (TSE Systems) after the drug or con-
trol vesicle solution was administered. Consecutive adjacent infrared beam
breaks in either the x or y axes were scored as an activity count, and a tally
was recorded every 6 min. In regular open field test, an open field arena
(50 cm × 50 cm × 40 cm) was used to measure animal locomotor activity.
Mice were placed in the center of the arena and allowed to freely explore it
for 10 min with dim light.
Circadian rhythm. To assay the circadian rhythm, mice were held on a 12:12
light/dark cycle for 2–8 d in TSE with food and water and with the tem-
perature at 21 ± 2 °C. Mice were then released into constant dark for 16 d.
PPI. Mice were placed in a test chamber (San Diego Instruments) and ha-
bituated for 15 min with 68 dB background white noise that continued
throughout the session. On the following day, subjects received a block of five
40-ms startle pulses of 120 dB and then received 10 blocks of trials each to
measure PPI, followed by another six startle pulses. Each block of trials
consisted of eight trial types (i. no stimulus; ii. one 40 ms startle stimulus; iii–v.
three different prepulse sounds [20 ms 74, 78, 82 dB] alone; vi–viii. three
prepulse sounds 100 ms before the startle stimulus) presented in pseudo-
random order across blocks. The interval between each trial type was 10–20 s.
The maximum amplitude was recorded for every trial. PPI was calculated
as: 1 − startle amplitude in the prepulse trial/startle amplitude in the startle
alone trial.
FST. Animals were individually introduced to a cylinder (20 cm diameter ×
30 cm height) filled with 15 cm of water (23 ± 1 °C) and swam for 6 min
under normal light. Immobility time was defined as the time when animals

remained floating or motionless that necessary to keep balance in the water.
Data acquisition and analyses were carried out by trained individuals blind
to the genotype and treatment during the test.
TS. Animals were individually hung by their tails from a bar 40 cm from the
ground for 6min under normal light. The animals’movements were recorded
by a video. Immobility was scored by a trained observer blinded to geno-
types and treatments. The behavior rated was immobility: hanging by the
tail without engaging in any active upward movements of the entire body.
SPT. Mice were held on a 12:12 light/dark cycle with food and water and with
the temperature at 21 ± 2 °C. The test began at the dark phase of animal
activity. Mice were placed individually in a chamber equipped with two bottles
on opposite walls throughout the experiment (36 h). One bottle was filled
with 2% sucrose solution, and the other bottle was filled with water. The mice
were habituated in the chamber for 12 h. Then the bottles of sucrose solution
and water were weighed at 12-, 24-, and 36-h time points to determine the
sucrose and water intake in the dark and light phases. To avoid any con-
founding effect of side preference, the position of the sucrose and water
bottles was exchanged every 6 h. Sucrose preferences were calculated as fol-
lows: sucrose consumed/(sucrose consumed + water consumed).
LH. The LHmodel consisted of threedifferentphases: inescapable shock training,
LH screening, and the test. Mice were placed in one chamber of two-chamber
shuttle boxes (MedAssociates) for a 5-min adaptation period before the test.
During the inescapable shock training phase (days 1–3), the mice received 120
inescapable foot-shocks (0.45 mA, 15-s duration, randomized average inter-
shock interval 45 s) with the door closed between the two chambers of the
shuttle boxes each day. For the LH screening phase (day 4), the door was raised
at the onset of the shock (0.45 mA), and the shock ended either when the
mouse stepped through to the other side of the shuttle boxes or after 3 s. Mice
that hadmore than five escape failures developed helplessness behavior during
the 10 screening shocks. On the test day, the animals were placed in the shuttle
boxes and 0.45-mA shocks were delivered concomitantly with door opening for
the first five trials, followed by a 2-s delay for the next 40 trials and intertrial
intervals were randomized at an average of 30 s. The shock was terminated
either when the animal crossed over to the second chamber or after 24 s. La-
tency to step through the door and the number of escape failures were
recorded for the last 40 trials by automated software (MED-PC IV).
LDB test. Mice were placed singly in the dark side of the light/dark box ap-
paratus and allowed tomove freely for 10min; the time spent in the light box
was analyzed.
Resting metabolic rate. Resting metabolic rate (RMR) was measured using an
open-flow respiratory system (Sable, FoxBox). Individual mice were trans-
ferred into transparent plastic chambers (volume 860 mL, 11 × 11 × 7.6 cm)
housed inside a constant-temperature incubator (Yiheng Model LRH-250) set
to 30 ± 0.5 °C. Fresh air from outside was dried using a column filled with
DRIERITE desiccant (W. A. Hammond Drierite), then warmed to 30 ± 0.5 °C
by passage through a copper coil inside the cabinet, and pumped through
the chamber at a flow rate of 600–800 mL/min. Subsequently, air leaving the
animal chamber was dried using a nonchemical gas drier (Sable, ND-2), then
passed through a gas analyzer at the rate of 100 mL/min. Each measurement
lasted 3 h, with data recorded every 15 s. RMR was quantified as the oxygen
consumption (VO2; mL/min) calculated as the average of 5-min stable lowest
values. Body mass was recorded before the measurement.

Immunoblot Analysis. Neurons were lysed in radioimmunoprecipitation assay
(RIPA) buffer with a protease inhibitor mixture (Roche). Lysates were centri-
fuged at 2,000 × g for 10 min, and equal amounts of supernatants were
loaded per lane and resolved by SDS/PAGE. The blots were developed using an
electrochemiluminescence (ECL) kit (Pierce). Primary antibodies include a rab-
bit polyclonal antibody specific for Syt7 (1:200, Synaptic Systems, no. 105173)
and a mouse monoclonal antibody specific for β-actin (1:5,000, Abcam, no.
ab6276). Protein levels were analyzed with ImageJ software (NIH).

qRT-PCR. Total cellular RNA was extracted using TRIzol (Life Technologies)
according to the manufacturer’s instructions, and reverse transcription was
performed using SuperScript III Reverse Transcription Kit (Life Technologies).
qRT-PCR was performed with SYBR green supermix (Bio-Rad) on a Bio-Rad
CFX96 thermal cycler, and the results were analyzed using the ΔΔCT
method. The primer sequences are listed in SI Appendix, Table S2.

Statistical Analysis. Data are shown as mean values ± SEM. Two-way ANOVA
analysis was used for experiments in Fig. 3 A and B; two-tailed unpaired
Student’s t test was used for all other experiments. The analysis ap-
proaches have been justified as appropriate by previous biological studies,
and all data met the criteria of normal distribution. The statistical data for
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all experiments are listed in SI Appendix, Table S3. Statistical significance
was evaluated at P < 0.05.

Data Availability. All of the data, associated protocols, and materials for this
study are available within the paper and in SI Appendix.
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